Abstract
Introduction
In recent years, there has been growing interest in the potential of biomarkers in nutrition (1) (2) (3) . Currently dietary biomarkers include 24h urinary sodium, nitrogen and 54 sucrose/fructose for estimation of salt, protein and sugar intake (4) (5) (6) (7) . In recent years, the 55 concept of biomarkers reflecting specific food intake has emerged. To date a number of 56 putative biomarkers exist for the intake of a range of foods including but not limited to red 57 meat, coffee, nuts, wine, vegetables, legumes, citrus fruit, tea, sugar sweetened beverages (7-58 11) . While some confusion exists in the literature over classification of biomarkers into 59 recovery or concentration biomarkers we prefer to use the newly defined flexible 60 classification scheme for biomarkers related to food intake (12) . Food intake biomarkers are 61 single metabolites, or a combination of metabolites, reflecting the consumption of either a 62 specific food or food group, displaying a clear time-and dose-response after intake (12) . With 63 this in mind, we present here an overview of the techniques used in food intake biomarker 64 discovery, the experimental approaches used for biomarker discovery and challenges faced in 65 the field.
67
Metabolomics: role in biomarker discovery 68 Metabolomics is the study of endogenous or exogenous metabolites in an organism.
69
Metabolites are found in tissues and bio-fluids and are influenced by a number of factors 70 including genetics (13) , the microbiome (14) and environmental exposures such as food,
71
exercise and pollutants (15, 16) . Metabolomics has emerged as a key tool in biomarker studies 72 and in particular for biomarkers related to food intake. The sensitivity of modern 73 instrumentation used in metabolomics can detect metabolite concentrations as low as 74 0.1 ng/ml in plasma (17) . (19) , the METLIN database
83
(http://metlin.scripps.edu; (20) and MassBank of North America (MoNA)
84
(http://mona.fiehnlab.ucdavis.edu/). readers are referred to the following review for technical details on each approach (21) . In the 91 initial years of emergence of metabolomics, the literature was dominated with Nuclear
92
Magnetic resonance (NMR) based applications. NMR spectroscopy is a technique which has
93
comparatively low sensitivity compared with other techniques (22) . However, it is useful as it 94 is non-destructive, reproducible, quantitative and furnishes structural information. Little 95 sample preparation is required, and results are consistent between different laboratories (23) .
96
The mass spectrometry based approaches are extremely sensitive and are often coupled with 97 a chromatography step to help with separation of the metabolites. Gas chromatography mass charge ratio (m/z) is determined (24) . This technique is particularly suited to lipids and all non-104 polar compounds (25) .
105
Liquid chromatography mass spectrometry (LC-MS) is suitable for analysis of a broad range 106 of metabolites. Its advantages over GC-MS include simple sample preparation and ability to 107 analyse highly polar compounds (26) . Metabolites are separated on a column and the eluted for instrument instability over time and batch to batch variation (21) . (27) . (28) .
119
As mentioned above, a key bottleneck in employing any of these techniques is the identification which can then be confirmed with original standards (29, 30) . Finally, it is worth 127 noting that all these techniques can be run in either a targeted or un-targeted mode. In the 
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133
There are multiple study designs in which metabolomics can be applied to identify food 134 intake biomarkers. Previous research study designs have employed one of two approaches 135 either conducting an intervention study or using samples from a cross sectional or 136 epidemiology study to identify metabolites associated with food intake (31, 32) . Human 137 intervention study designs involve requesting participants to consume specific food(s) over a vegetarian diet (32) . intervention, containing broccoli and Brussel sprouts (33) . Clear urinary metabolic 160 differentiation was seen between high and low CV diets, as signified in NMR spectra by four 161 singlet peaks which were exclusive to high CV consumption and remained elevated above 162 baseline at 48h post consumption. The peaks were identified as S-methyl cysteine sulfoxide, 163 a sulfur containing amino acid ubiquitous in CV, and its metabolites.
164
Parallel group intervention studies have also been successful in food intake biomarker 165 discovery. Hanhineva and colleagues randomised participants to follow one of three diets 166 over a twelve week period including a healthy diet (wholegrain enriched diet, fatty fish and 167 bilberries), a wholegrain-enriched diet or a control diet (avoiding whole grain cereals and 168 bilberries, consuming low-fibre products, limiting fatty fish intake to one portion per 169 week) (34) . Plasma metabolomics revealed that CMPF (3-carboxy-4-methyl-5-propyl-2-170 furanpropionic acid) was associated with fatty fish intake and alkylresorcinol metabolites 171 were associated with wholegrain intake. groups (8) . (36) .
186
Once identified it is critical that the biomarkers are assessed for validity as biomarkers of 187 food intake. Recently a validation procedure was put forward as part of the FoodBall 188 consortium which included plausibility, dose-response, time-response, robustness, reliability, 189 stability, analytical performance, and inter-laboratory reproducibility as the eight criteria for 190 assessment of validation (37) . While assessment of all these criteria may not be possible in a
191
single study -it is important that they are considered and that at least the plausibility and Use of food intake biomarkers in quantifying intake
204
The ultimate goal of a food intake biomarker is to quantify intake of the specific food.
205
Despite the proliferation in the number of putative biomarkers of food intake there is paucity consecutive days over three weeks where orange juice intake was decreased over the three 212 week period (42) . Using the urinary proline betaine concentrations calibration curves were 213 established. Using these calibration curves the citrus intake was determined in an independent cross sectional study of 560 individuals. There was excellent agreement between the self-215 report intake (estimated from a 4 day semi-weighed food diary) and the estimated intake from 216 the biomarker with a low mean bias of 4.3g between the methods. This study clearly 217 demonstrates the potential of well validated food intake biomarkers. In a separate study
218
Garcia-Perez and colleagues examined the ability of tartaric acid to determine grape intake 219 (43) . noting that not all biomarkers will be fully quantitative but will still yield useful information 225 for examining relationships with health outcomes (Figure 1 ).
227
Biomarkers of Dietary patterns
228
In nutrition research, there has been an increased interest in examining the diet as a whole adherence to the New Nordic Diet (NND) or an Average Danish Diet (ADD) (44) (see Table   236 1 (45) . A classification model was built 245 that could distinguish the three dietary patterns using plasma metabolites. These results
246
support the concept that a metabolite based model could be used in checking for adherence to 247 specific diets and for the examination of relationship between dietary patterns and health outcomes in large epidemiological studies. Garcia-Perez and colleagues used a controlled 249 intervention to develop a urinary metabolomics model that could classify individuals into 250 dietary patterns (46) . The four diets were based on the WHO healthy eating guidelines for the 251 prevention of non-communicable diseases (NCDs). Work from our laboratory, used a cross The potential of such approaches is that it will allow the examination of the impact of dietary 264 patterns on metabolic processes and pathways (47) . Collectively, the studies presented above there remain a number of challenges that need to be addressed. 
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